potential. 4 Many studies have investigated the interactions between bacteria and mesenchymal stem cells (MSCs) and showed that Escherichia coli LPS can upregulate the osteogenic differentiation of human adipose tissue-derived mesenchymal stem cells (ADMSCs) [5] [6] [7] as well as human bone marrow mesenchymal stem cells (BMMSCs). 8, 9 However, the impact of LPS on PDLSCs osteogenic differentiation is still controversial: Some reports revealed promoting effects 10 , while others showed inhibiting effects.
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Over the past few decades, rapid development in the field of dental research led to a promising prospect in stem cell-based tissue regeneration and cell therapies for infection-related diseases.
In addition to the oral and maxillofacial area, data have shown that
PDLSCs might be a good potential alternative to BMMSCs for bone tissue engineering. 14 Therefore, it is of great importance to have a better understanding of the behavior of PDLSCs exposed to bacterial toxins and reveal the impact of E. coli LPS on osteogenesis and potential molecular mechanisms.
Transcriptional co-activator with PDZ-binding motif (TAZ, also known as WWTR1), a transcriptional co-regulator, plays a key role in cell proliferation, differentiation, and stem cell self-renewal. TAZ modulates mesenchymal stem cell differentiation by activating osteoblast differentiation and inhibiting adipocyte differentiation. 15, 16 TAZ promotes osteoblastic differentiation by stimulating Runt-related transcription factor 2 (RUNX2)-mediated gene transcription to stimulate osteoblastic differentiation. 17 Moreover, its interaction with PPARγ inhibits adipocyte differentiation. 18 Data have shown that the phosphorylation of TAZ retains it in the cytoplasm and thus leads to its functional inactivation. The phosphorylation of TAZ occurs on several serine (ser) residues, and phosphorylation at Ser89 is the most important. 19 Moreover, the activity of TAZ is regulated by several signaling pathways, including Hippo, GPCR, and Wnt signaling. Among them, β-catenin-dependent Wnt signaling elicits gene transcriptional activity to influence MSC lineage determination and plays an important role in osteogenic differentiation. 20, 21 The activation of Wnt/β-catenin results in the promotion of osteogenesis 22 and disruption of Wnt/β-catenin impairs osteogenesis. 23, 24 Furthermore, studies have
shown that TAZ serves as the key downstream effectors of canonical Wnt signaling during osteogenic differentiation. 25, 26 Thus, whether LPS affects PDLSC osteogenic differentiation through Wnt/β-catenin and TAZ is worth exploring.
In the present study, we isolated multipotent PDLSCs and treated cells with E. coli LPS to investigate the influence of E. coli LPS on their biological properties, especially osteogenic potential. Then, we explored the role of TAZ in LPS-induced osteogenic changes using lentiviral-based shRNA technology and further investigated whether Wnt/β-catenin pathway was involved.
| MATERIAL S AND ME THODS

| Ethics statement
Investigation has been conducted in accordance with the ethical standards and according to the Declaration of Helsinki and according to national and international guidelines and has been approved by the authors' institutional review board.
| Isolation and cultivation of PDLSCs
Five human premolars, which were extracted from five systemically healthy patients (12-18 years of age, three male and two female) for orthodontic reasons, were used for isolation of cells. Ethical approval was obtained from the Ethics Committee of the School of Stomatology, Shandong University. All individuals were informed about the research project, and informed consent forms were signed. PDLSCs were isolated and cultured as reported previously.
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Following the extraction, teeth were flush with phosphate-buffered saline (PBS), the periodontal ligament (PDL) was scraped off from the middle third of the root surface and then digested with collagenase I (3 mg/mL, Sigma-Aldrich, St. Louis, MO, USA) and dispase II (4 mg/mL; Sigma-Aldrich) for 40 minutes. After digestion, the single-cell suspension was filtered through a 70-μm strainer and then maintained in α-minimum Eagle's medium (α-MEM) (HyClone, Logan, Utah, USA) with 10% fetal bovine serum (FBS) (Gibco, Waltham, MA, USA), 100 U/mL penicillin/streptomycin (Beyotime, Shanghai, China)
at 37°C in 5% CO 2 . The medium was changed every 3 days. After reaching the 90% of confluence, the cells were detached with 0.05% trypsin/EDTA (Solarbio, Beijing, China) and passaged. All experiments were performed using PDLSCs between passage three and six to avoid changes in cell behavior caused by prolonged culture. 
| Phenotype analysis
| Multilineage differentiation
For evaluation of multilineage differentiation capacity, PDLSCs were cultivated in corresponding differentiation medium and the medium was refreshed every 3 days. Osteogenic induction medium (OIM)
was culture medium supplemented with 10% FBS, 100 n mol L 
| Groups with different treatments
To determine the effects of LPS on proliferation of PDLSCs, PDLSCs 
| Cell cycle analysis
PDLSCs were exposed to LPS at different concentrations for 24 hours after which cell cycle analysis assay (Sungene Biotech, Tianjin, China) was used according to manufacturer's instruction and cell cycle was detected by flow cytometer.
| Lentivirus packaging and transfection assay
In order to obtain the best TAZ gene knockdown effect, three different small interfering RNA (siRNA) targeted TAZ (siTAZ-1#, siTAZ-2#, and siTAZ-3#) were designed by a corporation (GenePharma, Shanghai, China) and transfected PDLSCs. In addition, negative control (NC) siRNA was also included. The sequences of siRNA are listed in Table 1 PDLSCs were infected with recombinant lentivirus at approximately 70% confluence. After 6 hours, the medium was changed to BCM and cells were cultured for further assays. Knockdown efficiency was again determined from gene and protein levels.
| ALP activity and staining assay
After 7 days of osteogenic induction, alkaline phosphatase (ALP) activity was detected according to the instruction of ALP activity assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The absorbance was measured at 520 nm wavelength with a microplate reader. ALP staining assay was also used to detect the ALP activity. NBT/BCIP staining kit (Beyotime) was used according to operation manual. Cells were rinsed with PBS and fixed in 4% paraformaldehyde and then stained with BCIP/NBT solution in dark.
| RNA isolation and quantitative real-time PCR (qRT-PCR) analysis
Total RNA of cells was extracted with Trizol ® (Takara, Tokyo, Japan), and mRNA was reverse-transcribed to cDNA using a PrimeScript™ RT reagent Kit with gDNA Eraser (Takara). qRT-PCR assay was performed using SYBRGreen PCR Core Kit (Takara). The sequences of primers for target genes are listed in Table 1 . Relative expression levels of target genes were normalized to GAPDH.
| Protein extraction and Western blot analysis
For total protein extraction, PDLSCs under different treatment were washed with ice-cold PBS and lysed with lysis buffer (Solarbio) containing 1% protease inhibitor (Boster, Wuhan, China) and 1% phosphatase inhibitor (Boster) and then were centrifuged at 12 000 g for 15 min. The supernatant was collected and the concentration was measured by a BCA Protein Assay Kit (Solarbio).
Proteins were added to SDS-PAGE loading buffer (Beyotime) and then denatured at 100°C for 5 minutes. 20 µg/lane proteins was loaded to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred onto PVDF membranes (Millipore, Billerica, MA, USA). Membranes were blocked with 5% nonfat dry milk for 1 hour, then incubated with the following primary antibodies overnight at 4°C: anti-TAZ (E-F) CYCLINs and CDKs were detected by Western blotting at day 3 and histograms represented the relative expression levels of proteins normalized by GAPDH. Data are presented as the mean ± SD (n = 3). There were no obvious differences between groups with or without stimulus (P > 0.05), which indicted that LPS did not affect the proliferation of PDLSCs
Equal loading quantity of sample was also normalized by GAPDH using ImageJ software (1.47 V, NIH, Bethesda, MD, USA). 
| Immunofluorescent assay
| Statistical analysis
Statistical analysis was performed using GraphPad Prism (version 6.01, GraphPad Software, La Jolla, CA, USA). Student's t test or one-way ANOVA was used to analyze significant differences between groups. Values of P < 0.05 were considered statistically significant. 
F I G U R E 3
| LPS promoted osteogenic differentiation of PDLSCs
LPS (0.5 μg/mL) was added to OIM to evaluate whether LPS affected the osteogenic differentiation of PDLSCs (different concentrations of LPS were evaluated and are shown in Figure S2 , which indicated that 0.5 μg/mL was most significant in promoting osteogenesis and TAZ expression). PDLSCs were cultured in OIM or OIM+LPS for 3-21 days. As shown in Figure 3A ( Figure 3I ). Increased expression of these markers was observed (P < 0.05), further indicating the positive effect of LPS on PDLSC osteogenic potential. Taken together, the data indicated that LPS
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The expression level of TAZ in the present of LPS during osteogenic differentiation. QRT-PCR analyses of (A) TAZ mRNA levels after osteogenic induction with or without LPS for 7 and 14 d. B, Total TAZ and Ser89-phosphorylated TAZ levels after osteogenic induction with or without LPS for 14 d were detected by Western blotting. Results are presented as means ± SD from at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 at a concentration of 0.5 μg/mL significantly promoted the osteogenic differentiation of PDLSCs.
| LPS promoted osteogenesis of PDLSCs with the activation of TAZ
To study the role of TAZ in LPS-mediated enhancement of osteogenic differentiation in PDLSCs, the expression of total TAZ in both mRNA and protein level was analyzed after osteogenic induction with or without LPS treatment. As shown in Figure 4A , B, analysis by qRT-PCR and immunoblotting showed significant upregulation of TAZ expression in LPS-treated PDLSCs compared to LPS-free controls throughout osteogenic differentiation (P < 0.05). In addition, compared to the control group, the level of Ser89-phosphorylated TAZ was unchanged ( Figure 4B ) in the LPS-treated group (P > 0.05). Taken together, unphosphorylated TAZ was upregulated in the LPS-treated group, suggesting that TAZ was activated during LPS-enhanced osteoblast differentiation of PDLSCs. Subcellular localization of TAZ was also directly detected by immunofluorescence ( Figure S3 ), implying that the addition of LPS to OIM resulted in an increased transfer of TAZ into the nucleus during osteogenic induction.
| Effects of TAZ knockdown
To examine the potential function of TAZ on LPS-induced osteogenic potential of PDLSCs, we knocked down endogenous TAZ expression in PDLSCs. Three siRNAs targeting TAZ were designed to transfect PDLSCs to deplete TAZ. Results showed that siTAZ-1#
presented the optimal silencing efficiency in mRNA ( Figure 5A ) and protein ( Figure 5B ) levels. For this reason, we used this sequence to synthesize shRNA and construct a recombinant lentivirus in order to F I G U R E 5 Effects of TAZ knockdown. PDLSCs were transfected with three siRNAs, (A) mRNAs were collected after 48 h and detected by qRT-PCR, and (B) proteins were collected after 72 h and detected by Western blotting. Results are presented as means ± SD from at least three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. The results indicated that the siTAZ-1# possess the optimal silence efficiency. C, PDLSCs were transfected with lentivirus-mediated shNC or shTAZ and observed under an inverted microscope and a fluorescence microscope (scale bar: 200 μm). D, mRNA collected after 48 h, and (E) proteins were collected after 72 h to verify the TAZ knockdown efficiency. ***P < 0.001 efficiently and stably infect PDLSCs ( Figure 5C ). Transfection by recombinant lentivirus significantly decreased TAZ expression in both mRNA level ( Figure 5D ) and protein level ( Figure 5E ).
| Lentivirus-mediated TAZ shRNA offset the effects of LPS on osteogenic differentiation of PDLSCs
To study whether TAZ is essential in LPS-mediated osteoblast differentiation, shTAZ PDLSCs and shNC PDLSCs were incubated with OIM in the absence or presence of LPS. As shown in Figure 6A 
| TAZ activation induced by LPS was mediated by Wnt/β-catenin signaling pathway in PDLSCs
To further explore the mechanism responsible for the upregu- 
F I G U R E 7
Effects of LPS and DKK1 on the expression of TAZ and osteogenic differentiation of PDLSCs. PDLSCs were cultured in an osteogenic induction medium (OIM) with LPS or LPS plus DKK1. A, TAZ mRNAs were collected at day 7 and detected by qRT-PCR. Results are presented as means ± SD from at least three independent experiments. ***P < 0.001 OIM only group versus OIM+LPS group, OIM+LPS group versus OIM+LPS+DKK1 group. B, TAZ, Ser89-phosphorylated TAZ and β-catenin proteins were collected on day 7 and detected by Western blotting. Histograms represented the relative expression levels of proteins normalized by GAPDH. Results are presented as means ± SD from at least three independent experiments ***P < 0.001. The OIM only group versus the OIM+LPS group, and the OIM+LPS group versus the OIM+LPS+DKK1 group. We also evaluated osteogenic differentiation of PDLSCs under LPS treatment and inhibition of Wnt/β-catenin signaling. C, ALP staining (7 d) and D, Alizarin Red staining (14 d) showed that depletion of TAZ offset the facilitation effect of LPS on osteogensis (scale bar: 200 μm). E, Protein level of ALP, COLI, and RUNX2 was detected by Western blotting on day 14, which showed that these proteins were upregulated in OIM +LPS group compared with OIM only group, but were downregulated in OIM +LPS + DKK1 group. Results are presented as means ± SD from at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001
| D ISCUSS I ON
Bone tissue engineering has caught the attentions of the public in recent decades owing to the inevitable drawbacks of the conventional bone grafting technique. Periodontitis, one of the most prevalent chronic infections, is a common chronic disease, which begins with inflammation of the gingiva and is followed by the destruction of supporting periodontal tissues. 28 Cell-based tissue regeneration approach is a novel periodontal therapy. The main focus of this approach is on the regeneration of bones to stabilize teeth or implants. 29 Additionally, PDLSCs have been proven to be ideal seeding cells for periodontal tissue engineering. 30 As pathological alterations caused by inflammatory insults might impact the regenerative capacities of PDLSCs, it is essential to investigate how LPS affects the proliferation and osteogenic differentiation of PDLSCs. There is no doubt that high concentration of LPS (≥10 μg/mL) reduced MSCs osteogenic differentiation, 31 but the effect of low concentration of LPS (≤1 μg/mL) on PDLSC osteogenesis seems controversial. [10] [11] [12] [13] 31 Considering that the OIM plus LPS (0.5 μg/mL) group demonstrated an increased expressions of osteogenic-related genes and proteins, upregulated ALP activity, and greater numbers of mineral nodes compared with LPS-free group, the present study reinforces the idea that low concentration LPS (0.5 μg/mL) has a significantly positive effect on osteogenic ability of PDLSCs. Combined with previous studies, [10] [11] [12] [13] 31 we draw the conclusion that LPS promotes or inhibits osteogenesis in a concentration-dependent manner. In addition, we also provided evidence that LPS (0.1, 0. we observed that LPS significantly produces increased total TAZ and unchanged phosphorylation of TAZ at Ser89 ( Figure 4B ), suggesting that LPS facilitates nuclear localization of TAZ (also directly shown in Figure S3 ). In addition, depletion of TAZ using lentivirus- The generally accepted view is that the balance between osteoblastdependent bone formation and osteoclast-dependent bone resorption shifts toward bone resorption in inflammatory conditions. In this present study, we demonstrated that E. coli-derived LPS in low concentrations (≤1 μg/mL) promoted osteogenic differentiation of PDLSCs and the mechanism mainly involved Wnt/β-catenin-mediated TAZ promotion.
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